Abstract The catalytic hydroconversion of propionitrile (PN) was studied over supported nickel and nickel phosphide catalysts. PN was used as a model compound of aliphatic nitriles in pyrolysis oil obtained from animal by-products. Silica gel and Laponite were used as supports. The structure and particle size of the supported active phase was characterized by X-ray diffractometry and transmission electron microscopy. Catalytic experiments were carried out using a flow-through tube reactor at temperatures between 200 and 400°C, total pressure of 30 bar, and H 2 /PN molar ratio of 10. High-pressure operando diffuse reflectance infrared Fourier transform spectroscopy experiments were carried out to study the species on the catalyst surface during reaction. The results substantiated that propane-1-imine (PI) is a surface intermediate of propylamine, dipropylamine and tripropylamine formation. The conversion of PN to hydrocarbon and ammonia hardly proceeded below 300°C but became dominating reaction between 350 and 400°C. Brønsted acid sites were not required for the reactions. Supported Ni 2 P catalysts catalyzed hydrogenolysis of C-N bonds only, whereas also the C-C bonds suffered significant cleavage over supported Ni catalyst.
Introduction
The conversion of waste biomass to energy carrier and energy became a key issue worldwide. Both waste materials of plant origin [1] and animal by-products [2] , such as meat and bone meal (MBM), are potential liquid fuel resources. Fast pyrolysis converts a large fraction of MBM to pyro-oil, containing about 10 wt% nitrogen, 5 wt% oxygen and negligible amount of sulfur in organic compounds [2] [3] [4] . The pyro-oil, however, cannot be used directly as a liquid fuel, mainly because the combustion of N-compounds involves the emission of environmentally hazardous nitrogen oxides. Therefore, from MBM pyro-oil, environmentally acceptable liquid fuel can be obtained only by deep denitrogenation of the oil, favorably without extensive cracking of the hydrocarbon moiety of molecules. The nitrogen content of the oil can be removed by catalytic hydrodenitrogenation (HDN), which provides a hydrocarbon product and ammonia. The hydrocarbon product can be used as an environmental friendly, carbon dioxide neutral fuel, whereas ammonia can be converted to N-fertilizer and recycled to agriculture.
The feeds of crude oil processing contain mainly aromatic heterocyclic molecules. Numerous studies have been devoted to catalytic heteroatom removal from feedstocks and model compounds by hydroprocessing, including the HDN of organic N-compounds [5] [6] [7] . The HDN reaction was found to begin with full saturation of the N-containing aromatic ring and the formation of primary amine by breaking one C-N bond. The HDN of nitriles is introduced also by formation of amines. Because mineral oil fractions usually contain also sulfur compounds, the reactions of HDN and hydrodesulfurization (HDS) proceed together. The N-compounds inhibit the HDS reaction. In order to model industrial HDN conditions, most studies concern the HDN of model compounds in the presence of sulfur compounds in the feed, usually over supported or non-supported transition metal sulfides or phosphides. The ammonia was substantiated to be released from quaternized ammonium compound, formed by protonation of primary amine, on the attack of a nucleophilic HS -or S -species on the catalyst surface [5] .
In contrast to petroleum fractions, the N-compounds in the pyro-oil from animal by-products are mostly aliphatic nitriles, amines and amides and the oil is virtually free of sulfur [2] [3] [4] . Recent studies showed that supported Ni 2 P catalysts had considerable HDN activity also in the absence of sulfur [8] [9] [10] [11] . With the aim to generate knowledge about the HDN processes of feeds containing aliphatic N-compounds in high concentration and virtually no sulfur, we studied the catalytic HDN reaction of simple compounds, representing the N-organic molecules of MBM pyro-oil, over supported Ni 2 P catalysts. In previous studies, we reported about the HDN of PA [12, 13] over silica supported Ni and Ni 2 P catalyst. The present work concerns the HDN of PN over the very same catalysts and a less active Laponitesupported Ni 2 P catalyst. The primary objective of the present work was to describe the reaction network of PN HDN including the surface and the reaction intermediates of alkane and ammonia formation. 4 ]Na 0.66 , and specific surface area 354 m 2 /g) were prepared. The silica supported Ni 2 P catalyst was prepared by wet impregnation, followed by calcination and controlled reduction of the nickel phosphide precursor compounds according to refs. [6, 7] . The procedure of catalyst preparation and a detailed characterization of the catalysts are given in refs. [12] and [13] . Briefly, an impregnation solution was prepared by dissolving (NH 4 ) 2 HPO 4 and Ni(NO 3 ) 2 in distilled water and having initial P/Ni molar ratio of 2. The concentration of (NH 4 ) 2 HPO 4 and Ni(NO 3 ) 2 in the solution was 4.6 and 2.3 mol/dm 3 , respectively. This solution was then used to impregnate the pre-dried support. The catalyst precursor was obtained by drying and calcinations at 400°C.
Experimental
The Laponite supported catalyst was prepared by suspending 10 g of Laponite in 250 cm 3 of above mentioned solution. The concentration of (NH 4 ) 2 HPO 4 and Ni(NO 3 ) 2 in the solution was 0.092 and 0.046 mol/dm 3 , respectively. The pH of the suspension was two. After adjusting the pH to about 7 using NH 3 solution, a green suspension was obtained. It was stirred at room temperature for 1 h, then most of the aqueous phase was removed by decantation. The chemical analysis confirmed that 95.1 % of Ni introduced remained on the solid after decantation. Finally, the solid was dried first at room temperature and then at 120°C overnight and then calcined at 400°C for 4 h.
The formation of nickel phosphide was effected by treating the samples in 100 cm 3 min -1 H 2 flow. The temperature of the sample in the H 2 flow was raised at a rate of 2°C min -1 to the final temperature of the reduction treatment. The silica gel and the Laponite supported catalyst precursors were reduced at 650 and 550°C, respectively, for 3-3 h. For reduction, the lowest temperature was selected where the Ni 2 P phase could form. This temperature was determined from the results of temperature programmed reduction (H 2 -TPR) and in situ high-temperature XRD measurements. Finally, the samples were cooled to room temperature in He flow (20 cm 3 min -1 ) and then contacted with a 50 cm 3 min -1 flow of 1.0 % O 2 /He for 4 h. The latter treatment aimed to passivate the pyrophoric Ni 2 P particles by generating phosphate-like surface layer that prevents the bulk of the particle to become oxidized when the sample was exposed to air [11, 14, 15] . When the obtained material was used as a catalyst, first an activation treatment was applied in H 2 flow at 450°C.
The silica gel and Laponite-supported catalyst samples are designated as Ni 2 P/ SiO 2 and Ni 2 P/L, respectively.
For comparative purposes, silica gel supported Ni catalyst (Ni/SiO 2 ) was prepared similarly as were the supported Ni 2 P catalysts, but without adding (NH 4 ) 2 HPO 4 to the impregnating solution [12, 13] . Catalyst characterization XRD examinations were carried out using a Philips PW 1810/3710 diffractometer equipped with an XRD cell that allowed in situ reduction of the catalyst precursors with hydrogen at selected temperatures. After H 2 treatments, the XRD patterns were recorded at room temperature applying monochromatized CuK a (k = 0.15418 nm) radiation (40 kV, 35 mA) and a proportional counter. Crystallite sizes were determined from the line broadening using the Scherrer equation.
Temperature programmed H 2 reduction (H 2 -TPR) measurements were carried out using U-shaped quartz tube reactor having an internal diameter of 6 mm. The reactor was placed in a furnace. The temperature of the furnace was controlled by a temperature programmer. The catalyst samples were pre-treated in N 2 flow at 400°C for 1 h then cooled to room temperature in nitrogen. The TPR experiment was carried out by changing the N 2 flow to a 30 cm 3 min -1 flow of 10 % H 2 /N 2 . The effluent gas was passed through a dry ice trap and a thermal conductivity detector (TCD). Data were collected and processed by computer.
The specific surface area of the samples was calculated from isotherms of nitrogen adsorption at 77 K using the BET method. The isotherms were determined by Quantachrome NOVA automated gas sorption instrument for samples, previously evacuated at 350°C for 1 h.
Electron micrographs were determined by a FEI Morgagni 268D type transmission electron microscope to learn about the morphology of the samples.
Catalytic experiments
The HDN reaction of propionitrile (PN) model compound was studied using highpressure flow-through catalytic microreactor. The reaction was carried out in the temperature range of 200-400°C at 1.0 h -1 WHSV and 30 bar pressure. The H 2 / PN molar ratio was 10. The composition of the reactor effluent was analyzed by online gas chromatograph (Shimadzu GC-2010 Plus) equipped with an Equity-1 fused silica capillary column (Supelco) and a flame ionization detector (FID). Each catalyst samples were tested for about one week. Reaction conditions were systematically varied. Earlier catalytic runs were repeated time by time in order to check catalytic stability. All the catalysts showed stable activity during the time of examination. No coke deposition was perceptible to the eye on the catalysts removed from the reactor. The carbon content of the feed and the products was virtually equal.
Operando DRIFT spectroscopic examination of the HDN reaction
The spectral analysis of the catalyst surface during catalytic HDN of PN was studied using a Nicolet 5PC spectrometer equipped with a Collector TM diffuse reflectance mirror system and a flow-through DRIFT spectroscopic reactor cell (Spectra-Tech, Inc). First, the catalyst was treated in situ in the DRIFTS reactor cell in a 30 cm 3 min -1 flow of H 2 at 550°C for 1 h in order to remove the passivating phosphate surface layer of the nickel phosphide particles. At each temperature, whereon we wanted to run operando catalytic reaction in the DRIFTS cell the spectrum of the catalyst powder was recorded first in H 2 flow. The reaction was initiated by switching the H 2 flow to a gas saturator containing PN at 25°C; thereby the partial pressure of PN was set to 0.1 bar in the hydrogen flow. The total pressure in the reactor cell was varied between atmospheric pressure and 20 bar using a back pressure regulator upstream the cell. Spectra were then taken at temperatures between 100 and 400°C. The spectrum obtained from the catalyst and the gas mixture in the cell was corrected with the spectrum of the catalyst in H 2 at the reaction temperature. The result is a difference spectrum showing the bands of surface species and the absorption bands coming from the vibration-rotation modes of molecules in the gas above the operating catalyst.
Results and discussion

Physical-chemical properties of catalysts
The chemical composition of the supported Ni 2 P catalysts shows that samples contain significantly higher amount of phosphorous than that corresponding to the Ni 2 P stoichiometry ( Table 1 ). The P/Ni molar ratio in the catalyst precursor was two. A fraction of the phosphorous was retained by the support as surface bound phosphate-like species [6, 11, 16] . These PO x species can block some pores of the support and thus may significantly contribute to the loss of specific surface area (Table 1 ) [16] . Notice that the surface area of the Ni/SiO 2 sample was hardly smaller than that of the support. Since the preparation of the Ni/SiO 2 catalyst did not require the presence of phosphate in the catalyst precursor the surface of the pores remained accessible for adsorption.
The formation of Ni 2 P phase is confirmed by the XRD patterns of the catalysts obtained by in situ reduction of the catalyst precursors (Fig. 1) . The XRD reflections at 40.6°, 44.6°, 47.3°, 54.2°, and 54.9°stem from the crystalline Ni 2 P phase of the Ni 2 P/SiO 2 and Ni 2 P/L catalysts [10] . On the later Laponite-supported catalyst, some nickel-enriched Ni 12 P 5 phase also appeared beside the Ni 2 P phase (see reflections at 38.05°, 41.35°and 49.02°). According to the TEM examination, the Ni 2 P/SiO 2 catalyst contains Ni 2 P particles of 20-60 nm, whereas 100-120-nm size Ni 2 P particles are present in the Ni 2 P/L sample (Fig. 2) . These values correspond well with those calculated from the XRD patterns using the Scherrer equation (Table 1) . The Ni/SiO 2 catalyst presents weak reflection lines at 44.5°and 52.0°characteristic of Ni metal particles (Fig. 1 ). Their calculated average particle size is 11 nm, which is somewhat larger than that measured by TEM (2-10 nm) due to the fact that particles smaller than about 5 nm cannot be detected by XRD (Table 1) .
Catalytic hydroconversion of PN Both Ni/SiO 2 and Ni 2 P/SiO 2 catalysts show high activity in the hydroconversion of PN at reaction temperature as low as 200°C (Fig. 3a, b) . At reaction temperatures below about 300°C, the main reaction products are PA, DPA, TPA, and ammonia. The formation of these products suggests a similar reaction network than the one, which was put forward earlier for the catalytic hydrogenation of nitriles to amines [17] [18] [19] [20] [21] [22] . The formation of amine is generally described to proceed through aldimine intermediate as shown by Eq. 1:
The secondary amine is formed from the addition of the primary amine to the aldimine intermediate, leading to the formation of 1-aminodialkylamine. Elimination of ammonia from the latter species leads to the formation of alkylideneamine intermediate, which is then hydrogenated to secondary amine product as shown by Eq. 2:
The formation of tertiary amine takes place in a similar pathway except that the aldimine intermediate reacts with the secondary amine and the reaction proceeds via 1-aminotrialkylamine and enamine intermediates. It must be noted that the former mechanism does not necessarily involve heterogeneous catalysis [22] . Although the product distribution, reaction intermediates, and surface species observed during the catalytic hydrogenation clearly support the above mechanism, some details, including the role of acidic and metallic sites in the reaction, are still matter of debate [17, 18, 20, 21] .
While the C:N bond of PN was quickly hydrogenated leading to the formation of an amine group, the subsequent C-N bond breaking in the amine resulting in hydrocarbon and ammonia products hardly proceeded below 300°C (Fig. 3a, b) . The C-N bond hydrogenolysis became dominating reaction at temperatures higher than about 300°C. Above 300°C, the reaction over Ni 2 P/SiO 2 catalyst provides ammonia and propane as major products and some C 4 -C 6 hydrocarbon by-products. In contrast, over Ni/SiO 2 catalyst, beside ammonia, methane and ethane were formed in significant amounts. Latter products show that the Ni/SiO 2 catalyst is active not only in the C-N bond but also in the C-C bond hydrogenolysis reaction. Above about 300°C, the Ni 2 P/L catalyst shows similar catalytic properties in the HDN reaction than the above characterized silica supported catalysts. However, at temperatures lower than 300°C, the activity depends on the applied support. The hydrogenation and disproportionation activity of the Ni 2 P/L catalyst, resulting in the formation of primary, secondary, and tertiary amines, is significantly lower than those of the two silica supported catalysts (Fig. 3c) . A further difference is the TPA/ DPA ratio in the reaction product. The TPA formation is more favored over the Laponite-supported catalyst (Fig. 3) . These results suggest that the particle size of the Ni 2 P active phase and/or the properties of the support can play important role in the hydrogenation and transamination reactions. Nevertheless, nearly full conversion of PN to hydrocarbon and ammonia was attained over each catalyst at about 400°C (Fig. 3) .
Operando DRIFT spectroscopic investigation ; the partial pressure of PN and the total pressure were between 0.1 and 20 bar, respectively; each spectrum was obtained by subtracting the spectrum of the catalyst in H 2 from the corresponding spectrum of the catalyst and the reacting gas negative band in the difference spectrum indicates consumption or perturbation of surface species assigned to the band by adsorption interaction with reactant or product molecules, whereas positive bands come from new surface species.
In the m(OH) region, negative bands appeared at 3,740 and *3,500 cm -1 (broad, not labeled band) over the Ni/SiO 2 catalyst (Fig. 4a) . These bands can be assigned to free and associated silanol groups, respectively. The bands are negative, indicating that the Si-OH groups are involved in H-bonding interaction with some molecules of the reaction mixture [23] . The H-bonding generates strong broad m OH bands shifted to the 3,500-2,800 cm -1 spectral region. In this region, the baseline shows significant raise in the direction of lower wavenumbers that might come from the red-shifted m(OH) bands, which are broad, overlapping, and unresolved. The strong overlapping absorption bands around 3,000 cm -1 can be attributed to asymmetric and symmetric m(CH 3 ) and m(CH 2 ) stretching vibrations of methyl and methylene groups of adsorbed species (Fig. 4a) (Fig. 4b ) [24] [25] [26] . A weak absorption band is discernible at 2,250 cm -1 , which is attributed to the m(C:N) vibration of PN. The d(CH 2 ) vibration of methylene group neighboring C:N group appears at 1,430 cm -1 [22, 27] . The low intensity of latter two bands suggests that quick transformation of PN proceeds already at 100°C over the Ni/SiO 2 catalyst, which is in accordance with the results of the reactor tests (Fig. 3a) . The formation of PA is clearly indicated by the appearance of the absorption bands at 3,360 and 3,300 cm (Fig. 4) [24, 26] . The bands of gas phase ammonia also appear at 965-930 (inversion doubling), 1,626 and 3,334 cm -1 with rotational side bands [25] . Gas phase ammonia may appear as product of either C-N bond hydrogenolysis or transamination reactions (Eq. 2). Because the reaction study of ''Catalytic hydroconversion of PN'' section showed that propane formation was negligible at low temperatures (\300°C) and the major reaction product was DPA (Fig. 3a) , the ammonia must have come mostly from the disproportionation reaction. Formation of DPA is also confirmed by the appearance of the bands at 2,810 and 1,135 cm -1 , which bands correspond to vibration frequencies of symmetric CH 2 (N) and C-N(C) stretching vibrations in DPA molecules, respectively [24, 25] . At 300°C and above, the Ni/SiO 2 catalyst started to convert DPA to gas phase hydrocarbon and ammonia as shown by the sharp vibration band of gas phase CH 4 at 3,015 cm -1 and its rotational side bands in the spectrum (Fig. 4a , spectra e-g). These spectral changes are in full agreement with the results of the reaction study (''Catalytic hydroconversion of PN'' section) and suggest that the HDN reaction of PN proceeds via PA and DPA intermediates on the supported Ni catalyst. However, the Ni/SiO 2 catalyst shows high activity in the hydrogenolysis of the C-C bonds leading to fragmentation of the hydrocarbon chain.
Similar spectra could be observed over Ni 2 P/SiO 2 than over the above discussed Ni/SiO 2 catalyst (c.f . Figs. 4, 5) , except that the characteristic bands for PN (m(C:N) at 2,250 cm -1 and d(CH 2 ) 1,430 cm -1 ) appeared with higher intensity in the low-temperature range (\250°C) (Fig. 5) . The higher intensity of the bands assigned to PN and thus the higher surface concentration of the reactant is due to the lower hydrogenation activity of Ni 2 P/SiO 2 catalyst relatively to that of the silica supported Ni catalyst as shown by the catalytic results (c.f. Fig. 3a, b ). An additional pair of bands could be observed at 2,530 and 2,400 cm -1 not obtained from the reaction over Ni/SiO 2 . Note that the hydrogen phosphate species attached to silica support of the Ni 2 P/SiO 2 catalyst have Brønsted acidity [28, 29] . The surface phosphate species are formed during catalyst preparation in the reaction of silica hydroxyl groups and the phosphorus source (NH 4 ) 2 HPO 4 applied in large stoichiometric excess to the nickel source [30] . The m(OH(P)) band appears at 3,665 cm -1 (Fig. 5a ). Because no bands were obtained at 2,530 and 2,400 cm -1 from adsorption of alkylamine over silica supports not having Brønsted acidity [31] , it seems most probable that these bands stem from m as (NH 2 ? ) and m s (NH 2 ? ) vibrations of protonated surface-bound DPA (DPAH ? ) [24, 25] . Note that formation of DPAH ? confirms the presence of relatively strong Brønsted-acid sites in our Ni 2 P/SiO 2 catalyst [28, 29] , which are able to protonate strong N-bases. Interestingly, no obvious sign for the formation of protonated PA (PAH ? ) is discernible in the spectra, although PA also appears among the gas phase reaction products. Our earlier study on the hydroconversion of PA showed that the d s (NH 3 ? ) band of PAH ? should appear at 1,530 cm -1 [13] . Note, however, that in the present study PA is formed by the hydrogenation of PN and it is intermediate of DPA formation. The latter product appears in a significantly higher concentration in the product mixture than PA (Fig. 3b ) and also has a higher proton affinity than PA (DPA: 962.3 kJ/mol, PA: 917.8 kJ/mol [32] ), which explains that DPAH ? occupy most of the acid sites and appears as dominating protonated surface species. Nevertheless, the concentration of protonated DPA hardly changes at up to about 300°C reaction temperature, indicating that these species are strongly bound and highly stable spectator species (Fig. 5a , spectra a-e). Above 300°C, DPA is consumed with the simultaneous formation of gas phase hydrocarbon and ammonia over the Ni 2 P/SiO 2 catalyst (Fig. 5a , spectra e-g). However, methane does not appear as a product suggesting that, in contrast to nickel, the Ni 2 P is virtually inactive in the hydrogenolysis of the C-C bonds. Thus, catalytic fragmentation of the hydrocarbon chain could be avoided.
It is important to note that neither propane-1-imine, nor N-propylpropaneimine intermediate (expected according to Eqs. 1 and 2) could be identified in the spectra collected over Ni/SiO 2 or Ni 2 P/SiO 2 catalyst. The C=N group in these intermediates should give a characteristic m(C=N) vibration around 1,690-1,630 cm -1 [22, 24, 25] . The lack of evidence for their presence on the catalyst surface may suggest that the hydrogenation of the imine intermediates and the addition reaction of the intermediate propylamine to intermediate propane-1-imine are quick under the applied reaction conditions over these catalysts. The rapid consumption of the reaction intermediates imines could result in their very low surface concentration that might prevent their detection. Interestingly, the formation of reaction intermediate containing C=N group is obvious over Ni 2 P/L catalyst as indicated by the absorption band at 1,660 cm -1 (Fig. 6b) . The latter band gradually develops, while the characteristic band of PN at 2,250 cm -1 decreases at elevated reaction temperatures. Its intensity goes through a maximum together with the intensity of the band at 2,810 cm -1 band of DPA. The C=N vibration may belong to propane-1-imine and/or N-propylpropaneimine intermediate as suggested by Eqs. 1 and 2. The present results do not allow us to clearly distinguish these imine intermediates of DPA formation by their C=N vibration band. A similar band was observed 1,671 cm -1 during the hydrogenation of butyronitrile over Raney-Ni catalysts and was assigned to N-butylbutaneimine [33] .
The assignment of the latter study substantiates that the absorption band at 1,660 cm -1 (Fig. 6b ) might belong mainly to the N-propylpropaneimine intermediate. The accumulation of intermediates on the surface of Ni 2 P/L catalyst is less understood at present. The lack of protonated species strongly suggests that in contrast to the silica support Brønsted-acid sites with considerable strength were not formed on the Laponite support. Thus, the accumulation of imine intermediates might be related to the different adsorption sites of the Laponite support, which can hold such unsaturated intermediates more strongly than those of the silica support and, thereby, prevent their quick transformation. The possible adsorption sites on Laponite can be identified as SiOH (m OH vibration at 3,732 cm ) [34] , the latter two of which are not present on the silica support and probably responsible for the stronger adsorption of the intermediates. These adsorption sites are most probably lead to the basic character of Laponite surface [35] . The higher surface concentration of unsaturated intermediates is related to their longer lifetime over Ni 2 P/L catalyst relatively to the silica supported catalysts, which probably also explains the higher relative concentration of tertiary amine to lower amines. Note that TPA can be formed in reaction between propane-1-imine intermediate and DPA. The above discussed spectral features clearly suggest that formation of higher amines most probably proceeds through the same reaction routes as suggested before on different supported metal catalysts [17] [18] [19] [20] [21] .
Although the overall mechanism shown by Eqs. 1 and 2 is widely accepted, some details of the catalytic hydrogenation of nitriles, especially the role of acidic and metallic sites in the reaction, are still matter of debate. Verhaak et al. [17] suggested bi-functional mechanism, in which the hydrogenation reactions take place on the active metal component, while the acid function of the support is responsible for the condensation and ammonia elimination reactions leading to secondary and tertiary amines. Later studies suggested a similar bi-functional mechanism, in which DPA and TPA products are formed by condensation reaction between the imine and amine species adsorbed on metallic centers and acid sites of the support, respectively. However, it was also shown that in the absence of acid sites, the reaction may proceed just on the metal sites [18, 21, 22] . Sachtler and Huang concluded that the selectivity to different amines is predominantly determined by the chemical nature of the metal, irrespective of the nature of the support including its acidity [20] . Our results revealed that the hydrogenation of PN to PA and the consecutive disproportionation reaction of PA leading to the formation of higher amines at temperatures below 300°C follows the same reaction path on Ni/SiO 2 and Ni 2 P/SiO 2 catalyst. Since the former catalyst does not, whereas the latter catalyst does contain Brønsted acid sites, we can conclude that Brønsted acid sites are not required for the reaction. Over the Brønsted acid sites of catalyst Ni 2 P/SiO 2 strongly bound protonated DPA species were formed, which, as mentioned above, are most likely spectator species.
Conclusions
Propionitrile is quickly hydrogenated to propylamine already below 200°C over silica supported Ni and Ni 2 P catalysts. The propylamine intermediate is then denitrogenated mainly in disproportionation reactions through propane-1-imine, 1-aminodipropylamine, and N-propylpropaneimine intermediates giving ammonia, and secondary and tertiary amines. Above about 300°C, the primary, secondary and tertiary amines become intermediates of alkane and ammonia formation. Silica supported Ni catalyst initiate not only the hydrogenolysis of the C-N bonds, but also that of the C-C bonds resulting in significant amount of methane and ethane products. Brønsted acid sites are required neither for the disproportionation reactions nor for the ammonia elimination from the reaction intermediates. Protonated dipropylamine species formed on the Brønsted acid sites of Ni 2 P/SiO 2 catalyst were identified, which are most likely spectator species. The support does not seem to have any contribution to the HDN activity of the catalyst. The expected propane-1-imine and/or N-propylpropaneimine intermediates could not be detected by operando DRIFT spectroscopy over silica supported catalysts probably due to their quick transformation. However, formation of these unsaturated intermediates could be substantiated on the Laponite supported Ni 2 P catalyst, most probably due to the stronger adsorption of imines on the Laponite than on the silica. The stronger adsorption may hinder the transformation of the imines and permit their accumulation on the catalyst surface, which allowed their detection by DRIFT spectroscopy. The surface concentration of the unsaturated intermediate, most probably mainly N-propylpropaneimine, is strongly related to the surface concentration of dipropylamine. Near 400°C, the C-N hydrogenolysis reaction is the dominating reaction.
